A study has been made of the lunar variations in heights and critical frequencies of the E , F 1 and F 2 regions above Canberra, Australia. Semi-diurnal lunar variations have been found in all these quantities, and the harmonic coefficients determined. From the study of these it is concluded: (a) that ionospheric lunar variations are caused by ionic drift under the action of the 'dynamo' electric forces, and not by simple tidal rise and fall of isobaric surfaces; (6) that the lunar magnetic variations are not produced in the E, Fx or F2 regions.
In two previous papers some consequences of the solar and lunar tidal motions in the ionosphere have been discussed. In the first of these (Martyn 1947a) , afterwards referred to as I, a theory was propounded th a t major anomalies in the behaviour of the F2 region were due to the action of the solar atmospheric tide. The theory showed th a t this tide, when proper account was taken of the earth's magnetic field, could cause notable vertical distortion of an ionized region. In the second paper (Martyn 19476) , afterwards referred to as II, F region data from the Huancayo Observatory were analyzed for lunar tidal variations. Large tidal variations in both the maximum electron density N (max.) and h (max.), the height at which this density occurs, were found to occur in the ionosphere a t this site, which is near to the magnetic equator. I t was also found th a t the phases and amplitudes of these lunar variations depended on solar time in a complex manner. The present paper describes the results of an investigation of the tidal variations a t a moderate latitude (35° S.), where the theory indicates th a t the effects should be smaller in magnitude. The theory also indicates th at the ionosphere, in its response to tidal motions, should behave like a non-linear system, so th at the smaller tidal motions anticipated a t Canberra should give rise to simpler ionospheric variations than were found a t Huancayo. I t is found in the course of the present work th at these anticipations are borne out, and in consequence it has been possible to draw certain conclusions regarding the global lunar current circulations in the ionosphere.
L u n a r t id a l v a r ia t io n s d e r iv e d fro m io n o s p h e r ic d a t a
The data available consist of nine years of hourly measurements of the heights and critical penetration frequencies f° of the E, Fx and F2 regions at Canberra (lat. 35*3° S., long. 149° E.). Thejr were made available by the kind permission of the Commonwealth Astronomer and the Radio Research Board, who were jointly responsible for the obser vational programme. The methods used in deriving the lunar variations have already been described in II. The reduction of the half million or so
hourly readings involved is necessarily a laborious process. In the case of regions E and Fx it has been necessary to use nearly all the available data in order to derive the lunar variations satisfactorily. This has been necessary partly because these regions can only be observed in daylight hours, and partly because of the smallness of the variations. In the case of region F2 a satisfactory determination of the lunar variations has been possible using only three years of the available data. At the present stage it has seemed desirable to use the available computing resources to make a conspectus of the variations with reasonable accuracy a t a number of different latitudes (and longitudes), rather than to obtain the maximum accuracy at any one site by the use of all available data at th at site.
2-1. Region E Hourly measurements of the minimum equivalent height h' of the E region, for the four years from 1941 to 1944, were analyzed for lunar variations, using the methods described in II. No significant tidal variations were found in the first, third or fourth harmonics. The second harmonic showed a well-marked variation. For purposes of presentation the data have been treated in three seasonal periods, comprising the months of northern solstice ( ), the equinoctial months (E), and those of southern solstice (S). In each year the harmonic coefficients t2 (the amplitude in km., and the time of maximum amplitude in lunar hours reckoned from local transit) are displayed in the usual manner on the 12-hourly harmonic dial. The results for ( N) months are plotted in figure 1 as filled in circles, those for (E) month as crosses, and those for ( S) months by open circles. I t is seen th at the points tend to group themselves about the lunar hour 5, showing the reality of a tidal variation in h'E with maximum phase at this time. There is also a tendency for this phase to retard in passing from ( S ) months through (E) to (N) months. This is shown in table 1, which gives the average harmonic coefficients for all years for each season. The mean harmonic coefficients for all years and all seasons are P2 = 0*187 km. and t2 = 5*1 hr.
T a b l e 1
Atmospheric tides in the ionosphere. I l l season P 2 (km.) for t2 (lunar hours) N 0 1 9 6*3 E 0*16 5*3 S 0*28 4*2
The same procedures have been applied to the.hourly values of critical penetration frequency f%, with the results shown on the harmonic dial in figure 2. In this case, owing to the smallness of the variation, it has been necessary to use 10 years' data, covering the period 1937 to 1946. Again there is evidence of a lunar 12-hourly variation with maximum phase about 4 hr. In the case of critical frequencies, for reasons explained in II, it is desirable to plot the ratio of mean lunar variation in f° to the mean value of/ 0 for the period considered. The quantity actually plotted is 200P2/mean/E, which is the measure of the percentage variation in the maximum electron density Nm. As in the case of h'E there is evidence of a seasonal retardation in the phase of th e f E lunar variation. The mean coefficients for each season a out in table 2. The mean coefficients for all seasons over the 10 years are 200P2/mean f% = 0*26 % and t2 3*8 hr. I t will be observed th a t the variations of tiE and are approximately in phase, mn.Timiim heights occurring a t the' same time as maximum densities. In each quantity the maximum occurs about 2 to 3 hr. earlier in summer than in winter, the equinoctial maxima occurring a t intermediate times.
2*2. Region Fx
The procedure followed for this region was identical with th a t described above for region E. For h'Fl 7 years of data were used, covering the period 1938 to 1944. The average harmonic coefficients for each group of 4 months are displayed on the dial in figure 3 . The grouping of the points shows the existence of a real 12-hourly lunar variation with maximum phase about 6 hr. after transit. The average coeffi cients for each season are shown in table 3. I t is observed here from comparison with tables 1 and 2 th a t the seasonal run of t2 appears anomalous for the N months, which might have been anticipated to yield a value of t2 about 8 or 9 hr., and not 5*3 as found. The average coefficients for all seasons are P2 -0*83 km., t2 = 6-1 lunar hours after transit. I t will be observed from tables 3 and 4 th at while the lunar variations in h'Fl and f Fi are approximately in phase for the S and E months, they are more nearly out of phase for the N months. The variation in for the latter months cannot be con sidered as satisfactorily determined, in view of the considerable scatter of the N points in figure 4, so th a t it would probably be unwise to attach significance to this result until further confirmed. 
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2-3. R e g io n F 2
For the study of the lunar variations in hourly values for the'4 years 1941 to 1944 were used. The results for the semi-diurnal harmonic are shown on the harmonic dial in figure 5. The mean seasonal coefficients are given in table 5. 
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The mean values of the coefficients for all seasons and all years are = 1-60 km. and t2 = 5-7 hr. The seasonal swing of t2 already note regions also occurs in hFt, winter maximum heights occurring about 2 the summer maxima. Once again the summer value of P2 is greater than the equi noctial, and the latter is greater than the winter P2. In this case the winter P2 is notably small, but it will be observed from figure 5 th a t this occurs because of the fact th at two of the winter points on the dial are almost out of phase with the mean coefficient. In general, for the F2 region, the minimum equivalent height is not a very reliable measure of the 'under-surface' of the region. This happens because the measurement obtained in practice is often vitiated by the presence of the Fx region immediately below, which prevents the true scaling of the minimum height of the upper region. A better measure is the quantity A" ax-, which is the reading of h' a t a frequency 0-834 time the critical penetration frequency of the region. According to Booker & Seaton (1939) Amax-obtained in this manner is a good measure of the height at which A(max.) occurs. In any event it may safely be assumed th a t lunar variations obtained from A" ax-data refer to a somewhat higher level in the F2 region than those similarly obtained from hFt data.
For this study 3 years' data were used (1942 to 1944) , the results being shown in figure 6 and table 6 in the usual way. The mean variation over the whole period is shown graphically in figure 7. The mean coefficients for all seasons and all years are P2 = 1-68 km., t2 -5-7 hr. Clearly, the results obtained for hff*-agree very closely with those for hFt, and it is hardly possible to attach significance to the small differences found. For example, when the points for 1941 are omitted from the tiFt dial, in order to make the results strictly comparable with those for hF*x\ the mean t2 for N months in tiFt becomes 6*0. (It  was for to anaiyze 1941 for a year whose data had already been used in deriving the hFt variation.) I t is to be recalled, however, th at a significant difference between the hFt and lunar variations was found in II for Huancayo, a site at which both these quantities were found to be considerably greater than at Canberra, and where the total ranges of solar variation of tiFt and are considerably greater than at Canberra. The mean lunar variation of f%t over the whole period is shown graphically in figure 9. The mean coefficients for all seasons and all years are P2 = 1*5 % and t2 = 9*4hr. As in table 3, the value of t2 for the N mon of 8*1 hr. a value of 10 to 11 hr. might have been anticipated from the run of s in the other tables.
In II it was found th a t the harmonic coefficients of the lunar variations in the P2 region depended markedly on solar time. A similar analysis has been made of the Canberra data for h™**-and fp t. For this purpose the lunar harmonic were derived for each separate hour of the solar day. The results for are shown graphically in figure 10 and for fp t in figure 11 . In each figure and t2 with solar time are shown separately. Since each point on these figures has been derived from the harmonic analysis of only 37 lunar days, it might be anti cipated th a t they would show considerable statistical scatter. Actually the scatter is surprisingly small, particularly in the amplitude P2. As might be anticipated, the t2s show considerable scatter a t solar times when P2 is small, but a t other times they too show a smooth variation. In the afternoon and evening hours the s are very In each figure a smooth curve has been drawn through the centres of gravity of each successive group of three points, thus partially eliminating the scatter. I t seems clear that, apart from the smooth variation in t2 (figure 11) at 01 to 08 solar hours mentioned above, there is no clearly marked variation in with solar time for either h™*-or fp t. On the other hand the amplitudes P2 in both these quantities (upper curves, figures 10 and 11) appear to show a clearly marked semi-diurnal variation in solar time. In view of its probable theoretical importance this variation has been harmonically analyzed with results as follows:
(1) hpfx-: P2 = 084km ., = 7*6 solar hours.
(2) P2 = 1-44 %, t2 = 5*3 solar hours.
Discussion of results
The results described in the previous section show th a t there are observable lunar semi-diurnal variations in all the main regions of the ionosphere. These occur not only in the heights of these regions, but also in the maximum electron densities. The latter fact alone would appear to rule out any simple explanation of the pheno mena in terms of simple tidal rising and falling of the isobaric surfaces in the upper atmosphere. While such an explanation might account for the lunar height variations of a ' Chapman' region, the maximum density of which occurs a t a definite level of atmospheric pressure, it would not account for variations in maximum electron density at th at level.
In general it will be observed th a t while for the and Fx regions the lunar variations in h and Nm (jV(max,)) are approximately in phase, largest values of Nm occurring when the region is highest, for the F2 region the variations in h and Nm are more nearly in phase quadrature, maximum of Nm occurring 3*7 lunar hours after the maximum in h.
In I and II a beginning was made to the theory of the vertical distortion of a Chapman region by vertical ionic drift. The fundamental equation of this theory is
where I(z, t ) is the rate of ion production per c.c., a is the effective recombination coefficient, z is the 'reduced' height, and v is the (downwards) vertical ionic (and electronic) velocity, which is periodic in time, and which may vary in both amplitude and phase with z. Or, say, v = v0(z) sin ((ot + az).
In the previous papers the theory has been applied to the F2 region, and it has been considered justifiable, as a first approximation, to neglect the recombination term. Also, night-time conditions only have so far been considered, so th a t equation (1) has been reduced to the relatively simple equation of continuity
dN _ d{Nv)
I t has been shown that, for conditions where v varies only in amplitude with z, an ionized region undergoes height and density variations which are either in or out of phase, maximum height occurring simultaneously with either maximum or minimum density. On the other hand, when v changes phase with z, the variations in height and density are approximately in phase quadrature. In the latter case, if v varies harmonically and semi-diurnally, the height of the region is greatest approximately 3 hr. after the maximum upward velocity occurs at the level of Nm, i.e. when the vertical velocity at the Nm level is zero. Physically, it is clear why this should happen. The region continues to rise while there is an upward velocity of ions, and reaches maximum height about the time when the ions are just starting to move downwards. I t is also found theoretically (II) th at Nm reaches its maximum value either when v has its maximum (downward) value (<r + ve), or when v has its maximum upward value ( cr -ve). I t follows th a t the variation i which Nm occurs) leads th at of Nm by about 3 hr. when is positive, and lags 3 hr. when o' is negative. Symbolically, it was shown in II th at when only the phase of v varies with z Nm = 1+ -sin (a)t 0) and zm = -cos (o)t + <rzm), provided crv0 <4 (o.
CO
The results described in § 2 above show that, for the region, the Nm and zm variations are substantially in phase quadrature, so th at the above theory can probably be safely applied hete.
On the other hand, the Nm and zm variations in the E and Fx regions are found above to be substantially in phase agreement, and it seems clear th at the lunar tidal movements and distortions of these regions are not conditioned by the vertical phase gradient of v. This conclusion is hardly surprising, since the effective recom bination coefficient a is considerably greater in the and regions than it is in F2, and can no longer be ignored in equation (1). I t was shown in I th a t the ratio of the last term in equation (1) to the recombination term is of order where H is the 'height of the homogeneous atmosphere' a t the level concerned. In the F2 region v appears to be of order 100cm./sec., H about 5 x 106cm., a about-10~n or even 10~12, andA about 106/cm.8. Hence v/HaN > 1 and the tidal term in the equation is particularly important. On the other hand, for the E region, H is say 106cm., a is 10-8 (Best, Farmer & Ratcliflfe 1938) and N about 105, so th at v/HocN is less, and possibly much less, than unity. The ionizing term I{z,t), and the recombination term, may therefore be expected to dominate the equation, and considerations of continuity will be secondary. A discussion of equation (1) when all terms are included will be given elsewhere, but for present purposes it may safely be assumed, on physical grounds, that the height variations in regions of this type will be approxi mately in phase with v, possible lagging 1 to 2 hr. for intermediate values of a.
In general, the results of the theory of variations of hm and Nm developed in I and II may be summarized briefly in the following way, which provides simple rules for examining the meaning of a given variation.
Rule (1). An ionized region moves in the direction of the ionic drift, upwards when th at is upwards, and downwards when it is downwards. Exceptions to this rule occur only when the vertical gradient of v (in either amplitude or phase) is unusually great, or when oc (and I0) are particularly large. In the latter case the velocity of movement of the region may lead vb y 2 to 3 hr. Rule (2). Variations in Nm are proportional to the height gradient of v (in either amplitude or phase), and their sign (+ or -) depends on the sign of this gradient.
3* 1. Discussion of E region results
The most notable feature of the results for this region is the phase of the variation in h'E (5*1 hr.), which is almost exactly opposite to th a t obtained by Appleton & Weekes (1939) for the same region in England (11*25 hr.). The amplitude of the variation a t Canberra (0*19km.) is considerably smaller than th a t obtained in England (0*85 km.), but figure 1 shows th a t there can be no doubt th at the phase a t Canberra is in opposition to th a t in England. (This result is confirmed by the analysis of data from Brisbane (lat. 27*5° S.) which gives P2 = 0*5 km., and i% -4*5 lunar hours for the E region.)
This result is of considerable importance theoretically. According to any simple theory based on the tidal rise and fall of isobaric surfaces, the phase of the variation should be the same all over the globe, when expressed in hours from local transit. On the other hand, it is a necessary consequence of the theory developed in I, which attributes region movements to the 'dynamo' electric forces in the atmosphere, th at the phase of this variation should change by rr in the vicinity of latitude 35°.
The present result appears therefore to give strong support to the theory and suggests 'th a t Canberra (lat. 35*3° S.) is on the equatorial side of this 'node'. The smallness of the variation at Canberra is now readily understood, since this site cannot be very far north of the node (cf. figure 5, curve II in I). The larger value of P2 at Brisbane, mentioned above, is also now readily understood.
Until equation (1) has been fully solved for the region it would be unwise to draw any deductions from the small but definite lunar variation in f%. (In this respect the height gradient of a may also have to be considered.) I t is possible, however, to make one safe deduction from the evidence as a whole. There is little doubt th at the maximum upward velocity of ions in the E region occurs, on the equatorial side of the node, due to lunar influence, between 2 and 5 hr. after lunar transit. (The extension to 2 hr. is made in order to allow for the un certainty mentioned a t the end of Rule (1) in the previous section.) Now this maximum upward velocity occurs when the ' dynamo ' electric force in the E region has its maximum value Eastwards. I t is possible then to compare the phase of the electric forces thus found in the E region from ionospheric evidence, with th at which occurs in the (unknown) region of the upper atmosphere which is mainly responsible for the lunar magnetic variations. The overhead system of currents which is respon sible for these magnetic variations is now well known, and is depicted in the form of current sheets by Chapman & Bartels (1940, vol. 1, p. 262) . A study of these sheets shows that, on the equatorial side of the current focus, which corresponds to our node, the currents have a maximum Westerly component 3-5 hr. after lunar transit. I t is seen therefore th at the electric forces found in the E region are almost exactly out of phase with the currents producing the lunar magnetic variations. I t follows th at the lunar magnetic variations are not produced mainly in the E region.
3-2. Discussion of Fx region results
The results for this region, taken as a whole, are generally similar to those for region E. The most noticeable differences are the increased amplitude of the variation in h ' ,a small but definite retardation in the phase of this variation, and a marked retardation in the phase of the/ 0 variation. In all these respects the I \ region shows characteristics intermediate between those for the E and I \ regions.
In II the lunar variation in at Huancayo, near the magnetic equator, was determined from three years ' data (1942 to 1944) . P2 was there found to be 0*5 km., and t2 4-0 lunar hours. These results are not strictly comparable with those for Canberra, which refer to h'Fi for the years 1938 to 1944. When the years 1938 to 1941 are eliminated from the Canberra data the result is -1-1 km. and t2 -5*5 hr. In general the level of h^x' is some 15 km. higher than th a t of obtained at the two sites are therefore consistent with the interpretation that: (a) both sites are on the equatorial side of the node, the phases of the varia tions being substantially the same a t both places; (6) the phase of v is advancing at the Fx level, that of h™*-being approximately 1 hr. ahead of that of h'F .
From reasoning identical with that used a t the end of the previous section it is concluded that the lunar magnetic variations are not produced mainly in the region. As in the case of the E region, the evidence shows that the currents flowing in the Fx region are almost exactly out of phase with those required to produce the observed magnetic variations.
3*3. Discussion of F2 region results
The first points to be noticed for this region are the increased amplitude of the variations, as compared with the lower regions, and the fact th at the variations in h and/ 0 are now in approximate phase quadrature. The latter fact is interpreted as showing th a t the variations in/ 0 are governed mainly by the vertical phase gradient in v. Oh this interpretation, the theory given in I I shows th a t the phase gradient <r is + 2P2(/0)/mean / 0. P2 (km&x-) . Substituting the mean ;values of these harmonic coefficients from tables 6 and 7, the magnitude of <r is determined for each season. At the same time the values of v0 are determined from the relationship
where (o is 0*5 radian/hr. The results of these calculations are set out in table 8. I t is doubtful if the apparent sharp increase in v0 with height is real. So sharp a gradient might be expected to govern the variation in Nm, and to bring it into (or out of) phase with the h variation. I t seems more likely th a t the apparent increase in v with height is due to the rapid decrease in importance of the recombination and ionizing terms in equation (1), and the consequent removal of their restraining influence on bodily movement of the F2 region. On the other hand the apparent decrease in cr with height is probably real, since it is derived from the ratio P2(/0)jP2(hm&x-), and each of these coefficients will be influenced to roughly the same extent by any change in importance of the ionizing and recombination terms. Another reason for caution in interpreting the large seasonal change in v0 is as follows. There is reason to believe ( §3*1) th a t Canberra is situated near to the current focus of the world-wide system of ionospheric currents, i.e. near to the node in v0. There is good reason to believe th a t the position of this node shifts north and south seasonally by a few degrees of latitude. The small N month variations in the region may simply mean th a t in these months the node is almost overhead.* Once again, however, the calculated values of o' will be unaffected, since this seasonal shift will affect the variations in / 0 and Amax-equally.
The lack of significant difference in the s for the and hFt variations is not surprising. According to the values of cr in table 8 the expected difference is about 0*5 hr., which is just about twice the probable error in the determination of each t2.
The relationship of t2(h'Fi) to t2(h'Ft) is interesting. According to the values found for cr it might a t first sight be anticipated th a t the latter would be about 100 x 0*035 or 3*5 hr. earlier than the former. In fact, it is only 0*4 hr. earlier. I t must be remembered, however, th a t a retardation of \rr occurs in the h variation in passing upwards to a region where the recombination and ionizing terms no longer mainly control position. Similar considerations must apply to the relations between t2(fpl) and <2(/f ,)-The latter value should be obtained from the former by advancing it 3-5 hr. (to 4*0 hr.) and then changing phase by n (to 10-0hr.).*
The maximum upward velocity of ions occurs 3 hr. before the maximum height, i.e. a t 2-7 lunar hours. The evidence of the lunar magnetic variations shows th a t ions must move downwards with maximum velocity a t this hour in the region which mainly produces this variation. I t is concluded th{it the lunar magnetic variation is not produced mainly in the P2 region.
A comparison of the present results for the P2 region has been made with those described in II for Huancayo. In view of the strong dependence of P2 and t2 on solar time a t the latter site, it does not appear possible to draw any useful conclusions. P2 (fpt, h™x-) Huancayo are in general much larger than the corresponding quantities for Canberra, and are so variable with solar time th at it would be unwise to select their mean values over the solar day for comparison with other sites.
3-4. Discussion of the luni-solar variations in the F region
The variations of P2 and t2 with solar time, as exhibited in figures 10 and 11 may be briefly summarized by the statement th a t there are no clearly marked variations in t2(fpt, hjrfx'), and well marked semi-diurnal variations in P2 (fpt, hp*x-) . A non-linear theory of these variations was developed in II for cases where the solar ionic drift velocity, was much greater than v2, the corresponding lunar velocity. In the case of the corresponding Canberra variations, the degree of non-linearity present is obviously smaller, and a simple understanding of the results might be obtained by expressing the variations in a power series. Thus Nm = 1 + a -sinw£ + 6^°s in 2to£+ ... where 6 is an unknown phase constant, in deriving these expressions only terms of frequency 0)2 have been selected, since it is desired to compare the theory with the results of an analysis of data which selects only these terms.
